Friction anisotropy is an important property of many surfaces that usually facilitate the generation of motion in a preferred direction. Such surfaces are very common in biological systems and have been the templates for various bio-inspired materials with similar tribological properties. So far friction anisotropy is considered to be the result of an asymmetric arrangement of surface nano-and microstructures. However, here we show by using bioinspired sawtooth-structured surfaces that the anisotropic friction properties are not only controlled by an asymmetric surface topography, but also by the ratio of the sample-substrate stiffness, the aspect ratio of surface structures, and by the substrate roughness. Systematically modifying these parameters, we were able to demonstrate a broad range of friction anisotropies, and for specific sample-substrate combinations even an inversion of the anisotropy. This result highlights the complex interrelation between the different material and topographical parameters on friction properties and sheds new light on the conventional design paradigm of tribological systems. Finally, this result is also of great importance for understanding functional principles of biological materials and surfaces, as such inversion of friction anisotropy may correlate with gait pattern and walking behaviour in climbing animals, which in turn may be used in robotic applications.
Introduction
Friction between two solids is a phenomenon of fundamental importance, having strong relevance to both biological (e.g. articular joints, climbing animals, etc.) and technological systems (e.g. road-tire contact, wiper blades, rubber seals, etc.). However, friction is a rather complex phenomenon and the actual friction behaviour between two solids may depend on many (interrelated) physical phenomena and processes depending on the properties (e.g. surface roughness and texture, viscoelasticity and viscoplasticity, material structure and composition) of the solids themselves and on external factors, such as temperature, humidity, sliding speed, load and wetting conditions [1] [2] [3] . Direction-dependent friction, further called friction anisotropy, is usually shown to be a result of an asymmetric topography of the surface [4] [5] [6] [7] . We may distinguish between two kinds of friction anisotropy: direction-dependent and orientation-dependent anisotropy. Direction-dependent friction anisotropy is defined by different friction coefficients along different topographic directions of the surface, i.e. different (in-plane) angles between the surface and the sliding direction. A simple example is sliding perpendicular to a periodic groove pattern and parallel to it (rotation of sliding direction by 908). Orientation-dependent friction anisotropy may be regarded as a special case of direction-dependent friction with a change in angle of 1808 between the surface and the sliding direction, i.e. sliding back and forth along the same topographic direction. Friction anisotropy is observed in many biological surfaces (figure 1) that have an anisotropic arrangement of surface nano-and microstructures (e.g. in the hairy adhesive setae in reptiles [13] , arachnids [14] and insects [15] , in the scale-like arrangement and micro-ornamentation of snake skin [16, 17] , in the denticle-covered shark skin [9, 18] , and in plant surfaces with cuticular folds and wax coverage [19, 20] ), but also in those that have an anisotropic ultrastructural composition of the underlying material (e.g. in bush-crickets [11] ). Such anisotropies in biological surfaces usually serve the generation of motion in a preferred direction, either for the purpose of locomotion or for the transportation of fluids and particles ( [21] and citation therein). Inspired by the anisotropic friction properties of those biological surfaces, many attempts to mimic such systems have been made, including bio-inspired snake skin [10, 22] , gecko adhesives [23, 24] , shark skin [25] and plant leaves [26] . These surfaces were, for example, applied in surgical graspers [27] , in robots climbing inclined slopes [9, 28] and even in satellite grappling applications in space [29] . So far, in most of these studies that focused on the effect of asymmetric topography on the friction properties in different orientations, only specific surface -substrate combinations were investigated, for example consisting of a soft sample surface and a stiff flat substrate. However, biological attachment systems themselves show a great diversity in mechanical properties having rather stiff surface structures, with Young's moduli of order 1-10 GPa such as in geckos [30] and snakes [31] , but also with soft rubber-like setal tips in insects (Young's modulus of order 1 MPa) [12] . Moreover, within the habitats of different organisms, the stiffness of prevailing substrates [32, 33] and also the surface roughness [34] varies considerably. In this work, we systematically investigate anisotropic friction properties of bio-inspired sawtooth-like samples (figure 1), as a model anisotropic surface for various sample-substrate combinations of different sample-substrate stiffness ratios, different aspect ratios of sawtooth structures, different substrate roughnesses and different pulling orientations. Our hypothesis was that friction anisotropy must not only solely be a result of an anisotropic arrangement of surface structures, but also controlled by the material stiffness, the compliance of individual surface structures and the substrate roughness. We assume that by changing these parameters, the relative contribution of friction mechanisms, for example mechanical interlocking, adhesionmediated friction, etc., may change accordingly. To test this hypothesis, we performed friction measurements for, in total, 96 sample substrate combinations.
Results and discussion
We used sawtooth-structured samples with three different aspect ratios (figure 2a) either prepared from a soft silicone (Young's modulus approx. 1 MPa) or a stiff epoxy resin Figure 1 . Examples of biological anisotropic structures: (a) hierarchical adhesive structure of the gecko (Gekko gecko) adapted from Gao et al. [8] , with permission from Elsevier, (b) shark skin denticles (Lamna nasus) adapted from Manoonpong et al. [9] , (c) snake skin microstructure (Lampropeltis getula californiae) adapted from Baum et al. [10] , (d ) ultrastructure of attachment pad of Tettigonia viridissima adapted from Gorb [11] , (e) adhesive pad of a foreleg of a ladybird beetle (Coccinella septempunctata), SEM picture adapted from Peisker et al. [12] , (f ) confocal laser scanning microscopic image, showing a material gradient in the ladybird beetle adapted from Peisker et al. [12] , (g) bio-inspired sawtooth-like sample structure. rsif.royalsocietypublishing.org J. R. Soc. Interface 15: 20170629 (Young's modulus approx. 5 GPa), in order to reflect the possible stiffness range of biological systems. Substrates were also produced from the soft silicone and the stiff epoxy resin and exhibited four different surface roughnesses. Friction coefficients were determined for both sliding orientations (figure 2b; see the electronic supplementary material, S1 for a table of the measured friction coefficients).
In the experiments, friction anisotropy Dm was defined by the measured friction coefficients against Dm against and along Dm along the sawteeth (figure 2b):
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As expected, for most sample-substrate combinations we observed that friction in the direction against the sawtooth structure was greater than that along, yielding a positive Dm. However, an inversion of friction anisotropy was observed for specific sample-substrate combinations, i.e. Dm became negative. Interestingly, for all three parameters, i.e. stiffness, aspect ratio and roughness, we found particular sample-substrate combinations which showed this kind of inversion. For these specific sample -substrate combinations, we expect different friction behaviour to be a result of different friction mechanisms. Here, we assume that mechanical interlocking (see [16,17,35 -37] ) and adhesion-mediated friction (see [38, 39] ) are the two dominant contributions to friction and that the inversion of friction anisotropy is a result of different relative contributions of both mechanisms for the different sample -substrate combinations. In the following, we restrict our analysis to these particular cases.
Effect of stiffness
Inversion of friction anisotropy was observed by changing the stiffness of the low-aspect-ratio samples measured on all soft substrates (figure 2). Whereas the stiff sample always showed positive friction anisotropy (see triangles in figure 3a), the soft sample always showed negative friction anisotropy (see squares in figure 3a). We assume that this inversion of the friction anisotropy between stiff and soft samples arises from their different degrees of mechanical deformations during sliding (figure 3b). Friction behaviour of the stiff sawtooth structures, which show negligible deformation when pulled over the substrates, is mainly dominated by mechanical interlocking with the substrate asperities (see [16, 17] for similar structures and effects). Consequently, the positive friction anisotropy is a result from the asymmetric sawtooth structure [4, 40] . Friction behaviour of the soft sample is mainly dominated by contact area (adhesion)-mediated friction. Here, when pulled along the structure, the contact area between sample and substrate greatly increases due to the enhanced compliance in that direction, an effect also observed for similar structures [41 -43] . At the same time, the high compliance strongly reduces the friction contribution arising from mechanical interlocking. Therefore, negative friction anisotropy was observed that was dependent on sample stiffness.
Effect of aspect ratio
An inversion of friction anisotropy was also observed by changing the aspect ratio of the soft samples on the stiff substrates. On the substrate with the largest roughness (see up-pointing triangles in figure 4a ) the friction anisotropy for the low-aspect-ratio was positive, while structures of high-and medium-aspect-ratios showed negative friction anisotropy. We assume that this inversion of anisotropic friction is due to the different compliances of the high-, medium-and low-aspect-ratio samples (figure 4b). The anisotropic friction properties of the low-aspect-ratio sample are mostly dominated by mechanical interlocking. The low compliance of the structure does not allow for large deformation during sliding. Thus, on the roughest substrate, high mechanical interlocking is expected for sliding against the structure. By contrast for the medium-and high-aspect-ratio samples, the effect of mechanical interlocking decreases due to the higher compliance of the structures. At the same time, the effect of an increasing contact area when sliding along the structures becomes the dominant friction contribution. Thus, the inversion of friction anisotropy in this case depends on the sample aspect ratio.
Effect of substrate roughness
Finally, we also observed an inversion of friction anisotropy by changing substrate roughnesses for sliding the soft samples on the stiff substrates. This was most pronounced for the low-aspect-ratio sample, where the friction behaviour switched from negative anisotropy on the flat substrate to positive anisotropy on the rough substrates (see up-pointing triangles in figure 5a ). For the low-aspect-ratio structure sliding on the rough substrates, friction anisotropy was positive, as the effect of mechanical interlocking when sliding against the structure (figure 5b(i)) was obviously larger than the effect of an increased contact area when sliding along the structure. However, on the flat substrate, where the sawtooth structure cannot interlock (see [24, 36, 37] for roughness dependent mechanical interlocking), the adhesion-mediated friction contribution dominated and led to a negative friction anisotropy. Thus, the inversion of friction anisotropy depends on the substrate roughness. For the medium-and high-aspect-ratio samples, a rather different behaviour was observed. They exhibited high negative friction anisotropy on the flat substrate, vanishing friction anisotropy on the medium rough substrates and then seemed to show increasing negative friction anisotropy on the roughest substrate. This may be explained by the change in contact area with the substrate when sliding along the structure. Here, the largest contact area with the substrate will be formed on the flat substrate while the smallest contact area will occur on the substrate with the fine roughness where the sawtooth structure cannot adapt to the small-scale substrate asperities. However, on the substrate with the largest roughness, an intermediate value for the contact area is expected ( figure  5b(ii) ). Such a non-trivial adhesion dependency on substrate roughness is well known for attachment systems in climbing animals such as insect [35, 44] , spiders [45] and geckos [46] .
Conclusion
In summary, we showed that, for a simple topographically asymmetric structure, a complex friction behaviour can arise which can even lead to an inversion of friction anisotropy depending on the materials stiffnesses, and the aspect ratios of the structural features as well as on the substrate roughnesses. The fact that an inversion of friction anisotropy was only present at specific sample-substrate combinations highlights the complex interrelation between the different sample parameters and friction mechanisms. From a biological point of view, this might be extremely important, because climbing animals, for example, are typically confronted with changing environmental conditions such as substrate roughness [34, 47] , substrate stiffness [32, 33] , temperature and humidity [48] [49] [50] . It is known that climbing animals can adapt their gait pattern and walking behaviour according to different situations of locomotion [51] . Thus, it would be interesting to test whether above-described alterations of the friction anisotropy, necessary for proper locomotion, may induce such changes in the gait pattern or walking behaviour in biological systems. Our present study demonstrates that bio-inspired materials do not only present novel functionality inspired from living nature; they are also excellent model systems, which may help to understand biological systems by performing experiments under controlled conditions, otherwise impossible to achieve with the living organism [52] . From a technological point of view, our results also shed new light on the conventional design paradigm of tribological systems. This is especially true for systems where due to frictional heating changes in mechanical properties may be induced, such as in the road-tire contact, or where the substrates are weakly predictable, such as in autonomous robots. Inversion of friction anisotropy may potentially be actively exploited in robotics, for novel locomotion schemes where different walking behaviours or even changes in walking orientation could be developed to reduce energy consumption and/or to increase speed. Indeed, experiments with a hexapod robot equipped with the same sawtoothlike surfaces used in the present study confirmed our laboratory experiments and highlight the importance of the effect of inversion of friction anisotropy for real robotic application (the results will be presented elsewhere [53] ). Such inversion might be realized using materials that can reversibly change material properties due to external stimuli, such as temperature, mechanical deformations, applied electromagnetic fields and light [54] .
Experimental section 4.1. Sample and substrate preparation
Sawtooth-structured samples were made from two materials with different stiffnesses by moulding templates, which were made by wire-cutting metal plates (40 Â 20 Â 3 mm) according to the three different profiles shown in figure 2 . Soft samples were produced by moulding the templates with polydimethylsiloxane (PDMS: Sylgard 184 (Dow Corning Corp., Midland, MI, USA)) which had Young's moduli of approximately 2 MPa [32] . Stiff samples were cast by using the soft samples as templates, which had been produced additionally and were not used further for friction measurements, and by moulding them with epoxy resin (Araldite AW 106 resin and HV953 Hardener (Vantico Pty. Ltd, Hongkong, China)), which typically have Young's modulus of approximately 5 GPa [55] . Substrates (60 Â 55 Â 2.5 mm) were produced by moulding sandpaper of three different grain sizes (average particle diameters: 52 mm, 82 mm and 201 mm, Al_2O_3 particles (Diamond Brand, Shanghai, China)) and a flat glass plate. Soft substrates were obtained by direct moulding of the original substrates, and stiff substrates were obtained by using the soft substrates as masters for further moulding (see electronic supplementary material, S2 for a detailed description of the surfaces). The procedure and materials were the same as for the samples.
Friction measurements
To measure the friction behaviour of different sample -substrate combinations, each sample was pulled on each substrate in two different pulling orientations (against and along the sawtooth structure) and friction force was measured using a tribometer (DS4-Peeling Tester (TETRA GmbH, Ilmenau, Germany)) [56] . Samples were glued on a rigid acrylic plate, which was placed upside down on the substrates. Experiments were carried out with four different normal loads F n , the first one corresponding to the sample weight together with the acrylic sample holder and three other loads obtained by applying additional weights of 50 g, 200 g and 400 g on top of the acrylic plate. For the stiff samples on the stiff substrates, 50 g, 100 g and 200 g weights were used to reduce high peak forces due to mechanical interlocking of the samples and substrates. Then, samples were pulled tangentially over the substrates for sliding distances of at least 30 mm at a pulling speed of 2 mm s
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Resulting friction forces were acquired with 1000 Hz. The resulting force -time curves were averaged to obtain an average pulling force, the data of the first three seconds being neglected ( figure 6 ). This was done for all four normal loads F n and the resulting friction coefficient m ¼ F r /F n was obtained by simple linear regression with intercept term (F r ¼ mF n þ b) of the friction force F r versus normal load F n (see electronic supplementary material, figure S1 ). This was done for both pulling orientations, and the friction anisotropy Dm was calculated according to equation (2.1). We estimated the standard error based on 12 measurement repetitions for each sample-substrate combination at a fixed normal load. 
